One of the biggest puzzles in modern cosmology is the observed baryon asymmetry in the universe. In current models of baryogenesis gravity plays a secondary role, although the process is believed to have happened in the early universe, under the influence of an intense gravitational field. In the present work we resume Sakharov's original program for baryogenesis and propose a central role for gravity in the process. This is achieved through a non-minimal coupling (NMC) between the gravitational field and both the strong interaction field and the quark fields. When in action, the present mechanism leads to baryon number non-conservation and CP violation. Moreover, the NMC induces reduced effective quark masses, which favours a first order QCD phase transition. As a consequence, a baryon asymmetry can be attained in the transition from the quark epoch to the hadron epoch. 
One of the biggest puzzles in modern cosmology is the observed baryon asymmetry in the universe. In current models of baryogenesis gravity plays a secondary role, although the process is believed to have happened in the early universe, under the influence of an intense gravitational field. In the present work we resume Sakharov's original program for baryogenesis and propose a central role for gravity in the process. This is achieved through a non-minimal coupling (NMC) between the gravitational field and both the strong interaction field and the quark fields. When in action, the present mechanism leads to baryon number non-conservation and CP violation. Moreover, the NMC induces reduced effective quark masses, which favours a first order QCD phase transition. As a consequence, a baryon asymmetry can be attained in the transition from the quark epoch to the hadron epoch.
I. INTRODUCTION
One of the most puzzling aspects of the interplay between particle physics and cosmology is the observed baryon asymmetry in the universe. According to theoretical predictions and recent observations [1] [2] [3] [4] , the measure of this asymmetry is given by ∆ ≡ n B − nB n γ ≈ 6 × 10 −10 ,
where n B is the number of baryons per volume, nB is the number of atibaryons per volume, and n γ is the number of photons per volume in the universe. Subatomic processes in the standard model of particle physics (SM), however, are matter-antimatter symmetric. Fluctuations in the baryon and antibaryon distributions, on the other hand, could only produce an asymmetry far too small to account for the observed baryon asymmetry [2] [3] [4] . In a seminal paper [5] Sakharov pointed the way out of this impasse by identifying the necessary conditions for an asymmetric baryogenesis to occur in an earlier stage of the expanding universe, viz. it is required: i) Baryon number (B) non conservation;
ii) Charge conjugation (C) and combined charge conjugation and parity transformation (CP) symmetries violation;
iii) Departure from thermal equilibrium.
Although (iii) was not clearly stated in [5] , conditions (i)-(iii) are now widely known as Sakharov's conditions for baryogenesis. They are not sufficient, however, to ensure an asymmetric baryogenesis, and it is not clear what mechanism was responsible for the baryon asymmetry in our universe. Sakharov went further in [5] and proposed the first explanation for the observed baryon asymmetry based on the assumption that the universe is globally CPT symmetric, that is symmetric under the combined charge conjugation (C), parity transformation (spatial reflection) (P), and time reversal (T) operations, with respect to a singular cosmological bounce. Departure from thermal equilibrium was ensured by the pre-bounce synthesis and subsequent post-bounce decay of hypothetical maximally massive particles (maximons) 1 . As a result an antibaryon excess before the bounce would be exactly converted into the baryon excess of the present-day universe. Clearly, in Sakharov's proposal the baryon asymmetry before the bounce is nothing but an initial condition. Implicit in Sakharov's argumentation, however, is the idea that gravity must have played a crucial role in the asymmetric baryogenesis, since this process must have happened in a much denser and hotter universe, where the gravitational field was much stronger than it is today. This idea has been generally underappreciated since then, and gravity has been downgraded to a mere secondary agent in baryogenesis.
There is now considerable evidence that the universe was indeed much denser and hotter in the past, with temperatures exceeding T = 100 GeV (k B = 1) [10] . According to the standard cosmological model (SCM), baryogenesis must have happened at some time before the radiation epoch of cosmic history, and shortly after the inflationary epoch. The reason behind this is that any asymmetry in the quark/antiquark ratio before inflation would by diluted to a negligible value due to entropy production during the reheating [11, 12] . Within the SM, non-perturbative solutions (sphalerons) could lead to an anomalous B + L violation, L being the lepton number, resulting from quantum corrections at temperatures of the order of the Electroweak (EW) transition T ≈ 100 GeV, while preserving B − L [13] . The only natural source of CP violation in the SM, however, is related to the occurrence of a phase in Cabibbo-Kobayashi-Maskawa mass matrix in the standard EW sector, which is too small to account for the observed baryon asymmetry. Moreover, the observed Higgs boson mass (≈ 125 GeV) implies that the EW transition is not a phase transition of any kind, but a smooth crossover [14] [15] [16] [17] . The need of new sources of CP violation and departure from thermal equilibrium has led to the proposal of a number of mechanisms for baryogenesis which rely on SM extensions [18] [19] [20] [21] .
It is believed that the dominant component of the cosmic fluid when temperatures in the universe were as high as 1 GeV was made of deconfined quarks and gluons in a quark-gluon plasma (QGP) state [22] [23] [24] [25] . In contrast with the low-energy regime of quantum chromodynamics (QCD), where quarks and gluons are permanently confined to distances of the order of the hadronic radius r h ∼ 10 −17 cm (colour confinement), in the QGP phase both quarks and gluons can move almost freely through the plasma as a consequence of the asymptotic freedom. Theoretical arguments indicate that the transition from the QGP phase to the hadron gas (HG) phase is expected at a critical temperature T c ≈ 150 MeV [26] . This fact is supported by Lattice QCD (LQCD) simulations [27, 28] , and also indicated by experimental evidences at the RHIC [29] . Although the exact nature of the transition is not yet fully clear, LQCD results strongly indicate that it depends on the number of quark flavours and the quark masses. For three flavours a strong first order phase transition is predicted in the zero mass limit. When the physical masses of the lightest quarks (up, down ans strange) are taken into account, on the other hand, the predicted quark-hadron transition is not a true phase transition, but rather a sharp crossover [30] . Finally, the lack of experimental evidence of CP violation in QCD, a puzzling aspect of the theory of strong interactions, forces the natural CP violating terms in the QCD Lagrangian to be fine tuned (strong CP problem) [31] . As a consequence no CP violation in the QCD sector is expected in the early expanding universe.
Regardless of the specific mechanism and the exact epoch, baryogenesis must have taken place in a very dense universe, where gravitational effects cannot be completely neglected. In the present work we resume Sakharov's "cosmo-physical" program for baryogenesis and propose to restore the place of gravity at the heart of the process. To achieve that we employ a mechanism which explicitly involves gravity through the non-minimal coupling (NMC) between the gravitational field and the strong interaction field. NMC occurs naturally in field theory, with examples such as φη µνρσ F µν F ρσ /2, which gives a good phenomenological description of the interaction between the neutral pion π 0 and the electromagnetic field, and also the magnetic dipole interactionψσ µν ψF µν [32] . In gravitation, the NMC principle has been widely investigated as a source of non-singular cosmological models [33, 34] , and also in the context of cosmic inflation, where interaction Lagrangians with the form Rφ 2 are studied [35] [36] [37] [38] [39] [40] . Here we will consider the simplest NMC interaction term between gluon fields and the gravitational field involving the curvature scalar
A direct consequence of this is that colour charge conservation is explicitly violated at the classical level. The fact that Newton's constant is not present in the NMC interaction term is crucial here, since it implies that the difference between the intrinsic energy scale of these theories is not relevant to this process. Moreover, in order to be consistent with colour charge non-conservation, the NMC between the gravitational field and the strong interaction field demands a modification of the Dirac Lagrangian. For that purpose we will also consider the simplest NMC interaction term between quark fields and the gravitational field which explicitly violates parity and dynamically violates charge conservation
The resulting modified quark Lagrangian leads to gravitationally induced effective quark masses which can only be smaller or equal to the bare masses. Although hermiticity is violated, in the cosmological scenario associated with a quark-hadron transition the symmetries of the Lagrangian allow the Hamiltonian to have a real spectrum of eigenvalues, provided that the squared effective quark masses are positive. Moreover, the reduced quark masses which result from the present mechanism can lead to a first order quark-hadron phase transition. Since the gravitational field generated by the cosmic fluid in the quark epoch cannot produce effects in distances of the order of the hadronic radius r h ∼ 10 −17 cm, only deconfined quarks and gluons can be affected by the mechanism in a cosmological scenario. As soon as quarks and gluons confinement is triggered the present mechanism is switched off, and the baryon asymmetry freezes out. For the sake of simplicity, we will employ the bag model's equation of state for the QGP to estimate the possible effects of the NMC in a cosmological quark-hadron phase transition.
It has been argued that the transition from the QGP phase to the hadronic phase, the last "phase transition" to take place in the universe, was probably not of great relevance for the subsequent cosmic evolution [25] . We intend to show in what follows that the exact opposite may have been the case.
II. NMC AND BARYON NUMBER VIOLATION IN THE UNIVERSE
A. Charge conservation in the classical Einstein-Yang-Mills-Dirac system
To fix the notation and recall some basic facts, we consider first the QCD Lagrangian in curved space-time, that is the Yang-Mills Lagrangian for the SU(N c ) group with N c = 3 (colours) [41] 
where R is the curvature scalar, κ is the gravitational constant, we have adopted the natural units k B = ℏ = c = 1, the tensor
is the field strength, △ µ is the Riemannian covariant derivative, g s is the bare coupling constant, the gauge fields (2) is with respect to the N f different quark flavours q = u, d, s, · · · , and m q is the mass of the q-flavoured quark. The conjugate spinor is defined asq = q † γ 0 . Here the Dirac matrices γ µ obey the relation γ µ γ ν + γ ν γ µ = 2g µν , where g µν are the components of the semi-Riemannian metric with signature (+ − −−). The gauge derivative for fermions is defined as
where Γ µ is the spin connection [42] , and λ A acts over the quark fields in the fundamental representation of the gauge group (Gell-Mann matrices).
Variation of the action defined by the Lagrangian (2) with respect to the independent field variables produces the field equations
plus Dirac equation for quark fields
In the equations above R µν are the components of the Ricci tensor, we have defined the the energy-momentum tensor of the gluons fields
the symmetrized energy-momentum tensor of the quark and antiquark fields
and it was defined the quark's colour current
From equation (5b) follows the conservation of the total (quarks + gluons) colour current
The other conserved Noether currents following from symmetries of the QCD Lagrangian are the isospin, related to the global SU(2)-symmetry, the chiral current, related to the global axial U(1)-symmetry, and the quark number current
related to the global vectorial U(1)-symmetry, the conservation of which is expressed by the equation
Integration of J 0 (x) over a spatial section 3 Σ(t) of space-time gives a conserved charge which, up to a normalization factor 1/3, corresponds to the baryon number
B = 1/3 for a single quark, B = −1/3 for a single antiquark, and B = 0 for leptons. Accordingly, one has B = 1 for baryons (three quarks), B = −1 for antibaryons (three antiquarks), and B = 0 for mesons (one quark plus one antiquark). More generally
where N B is the number of baryons and NB the number of antibaryons.
B. Non-minimally coupled Einstein-Yang-Mills-Dirac system
We now consider the NMC extension of the QCD Lagrangian in curved space-time (2) which results from the inclusion of an additional term
where
Here ξ is an adimensional constant, while the constants ε q , one for each quark flavour (q = u, d, s, · · · ), have dimension of length. We would like to stress the fact that the coupling constants ξ and ε q does not involve Newton's gravitational constant. Variation of the action defined by the sum of Lagrangians (2) and (12), L EY M + L NMC , with respect to the field variables produces the field equations
where we have defined G 2 (x) ≡ G Aµ G Aµ , and
The energy-momentum tensor for the gluon fields and quark fields have the same forms (6a) and (6b), respectively, as before. The Dirac equation, on its turn, now becomes
As a consequence, we obtain
On the other hand, according to equation (13b), charge conservation is now violated by the non-minimal coupling term
The NMC term in Lagrangian (12) does not alter the form of the energy-momentum tensor of the quark and antiquark fields (6b). The non-hermiticity of the fermion Lagrangian in general implies the occurrence of non-physical states. This is not the case, however, if the spectrum of eigenvalues of the corresponding Hamiltonian is real. This condition is fulfilled if the Hamiltonian is symmetric under the combined parity transformation (P) and time reversal (T) [43] [44] [45] [46] . Therefore we demand that the fermionic sector in the extended Lagrangian (2)+(12) leads to a PT-symmetric Hamiltonian. Ignoring, for simplicity, the interaction with the gauge field, iteration of equation (15a) yields the analogue of the Klein-Gordon equation
where = △ µ △ µ − R/4 is the d'Alembertian operator in curved space-time [47] . In the cosmological scenario that will be discussed in the sequel the contribution from the last term in equation (18) either vanishes or can be ignored, and the regime of unbroken PT-symmetry [44, 48, 49] is defined by the condition
C. Quark-hadron transition
According to perturbative QCD, quarks and gluons become deconfined for temperatures much larger than the QCD scale parameter 100 MeV Λ QCD 300 MeV. This is a consequence of the fact that the effective coupling constant, given to one-loop order by [22] 
becomes significantly small in this regime [24, 26, [52] [53] [54] . Qualitatively this transition can be understood by resorting to a bag model [53, 55, 56] . In these phenomenological models of the strong interaction, in the hadronic phase (T < T c ) quarks and gluons are assumed to be confined inside bounded spatial regions (bags) with radius r h ∼ 10 −17 cm. Boundary condition are imposed so that the quark current, the chromo-electric field, and the chromo-magnetic field all vanish at the bag's boundary. Light quarks and high momentum (hard) gluons are assumed to move freely inside the bag, while the non-perturbative contribution from low momentum (soft) gluons is given by a constant energy density which exerts a negative pressure preventing quarks from escaping the bag, as expressed by the energy-momentum tensor for the confined fields
where τ
µν (G α ) is energy-momentum tensor for the perturbative gluon contribution, and θ(r h − r ) denotes the step function. Macroscopically, this hadronic phase is described as an ideal gas composed mostly of ultrarelativistic pions, π 0 (uū or dd), π + (ud), and π − (dū), plus a rare fraction of nucleons carrying the cosmic baryon number, with equation of state
is the Steffan-Boltzmann constant for a hadron gas (HG), d h ≃ 5 being hadronic degrees of freedom, and d γ+ℓ = 14.25 is the photon + leptons degrees of freedom. As the temperature approaches the critical value T c from below, the bag radius grows and individual bags eventually overlap, the bag pressure now being equal to the bag constant β everywhere.
Alternatively, deconfinement can be characterized by the generalized form of the Cornell potential describing the interaction between static colour charges [26, 57, 58 ]
where C(T ) is a temperature-dependent parameter, K is the string tension, r is the distance between two colour charged particles, and m D (T ) = 1/λ D is the Debye screening mass given, to leading perturbative order and for a vanishing chemical potential, by [53, 59] 
Macroscopically, deconfinement implies that for temperatures higher than a critical temperature T c nuclear matter assumes the form of a quark-gluon plasma (QGP), that is a perfect fluid composed of unconfined quarks and gluons [22] . Again, chemical potentials can be ignored to a good approximation. The simplest QGP description is given by the bag equation of state [24, 26, [52] [53] [54] 
in which β is the bag constant, and σ qg = (π 2 /30) (d g + 7d q /4 + d γ+ℓ ) is the Steffan-Boltzmann constant for the QGP,
2 ) being degeneracy factors for the gluons and quarks, respectively. In what follows it will be considered N f = 2.5 as a qualitative account of semi-massive strange quarks [53] . The bag equation of state (25) predicts a strong first order phase transition, with an abrupt change in the energy density ρ(T ), pressure p(T ), and entropy s(T ), and a significant decrease in the number of degrees of freedom of the system as the temperature drops below T c [27, 28] . Since p qg (T c ) = p h (T c ) during the phase transition, the critical density in this phenomenological model can be readily obtained from equations (22) and (25) . For a bag constant β 1/4 ≈ 190 MeV one obtains the critical temperature T c ≈ 160 MeV for this phenomenological model. In the strong interacting regime T c < T 3T c gluon interactions, although not confining, are still large enough to produce non-perturbative effects. The form of the QGP equation of state in this regime is not known exactly. LQCD simulations, however, indicate that the nature of the transition from the quark-gluon phase to the hadronic phase, and also the critical temperature of the transition, are strongly dependent on the quark masses and the number of quark flavours [26] [27] [28] 30] . For three quark flavours a strong first order phase transition is predicted in the zero mass limit. On the other hand, when the physical masses of the three lightest quarks are considered (m u ≈ 2.3 MeV for the quark up, m d ≈ 4.8 MeV for the quark down, and m s ≈ 95 MeV for the quark strange), instead of a true phase transition, LQCD simulations predict a sharp crossover at a critical temperature T c ≈ 175 MeV [15, 17, 27, 28, 30] .
D. Cosmological quark-hadron transition and asymmetric baryogenesis
We now proceed to the implementation of a gravitationally induced baryogenesis mechanism in the quark epoch. Being a very dense phase of the early expanding universe, assumed to be spatially homogeneous and isotropic, the spatial curvature in the quark epoch can be ignored and the space-time metric assume the flat Friedman-Robertson-Walker (FRW) form
where a(t) is the scale factor. The basic assumptions we make here are first that the strong interaction field is nonminimally coupled to the gravitational field according to the Lagrangian (12) , and second that the non-minimal coupling does not lead to significant modifications in the QGP sate (at least near the quark-hadron transition). This is ensured by assuming that for T ≥ T c the following relation holds
On the other hand, it could still be large enough to produce effects in the field equation (13b). Hadronic matter can be described by means of the energy-momentum tensor
where the brackets denote an averaging process, V µ = δ µ 0 are the components of the four-velocity of a comoving observer. In the QGP phase (T > T c ) the energy density ρ(T ) and pressure p(T ) are given by equations (25) , while for the HG phase (T < T c ) they are given by (22) .
According to the general description of the QGP state outlined in the previous section, for T close to T c the potential (23) has almost everywhere the form
The break of gauge invariance of the QCD Lagrangian induced by the NMC allows us to take the following components for the gluon fields
Assuming colour independence of the quark fields in the QGP, i.e. q a = q for all a = r, g, b, the field equations (13a)-(13b) finally reduce to
together with a null spatial current J i (x) = 0, where we have definedȦ
The cosmic evolution equations (31a)-(31b) recover the Friedmann equations for T < T c , the cosmic dynamics becoming identical to that described by the SCM. The extrapolation of the past behaviour of the universe from present-time observations remains the same until the quark-hadron phase transition is reached. Moreover, we can suppose that
According to conditions (27) , in the QGP phase (T > T c ) the Friedman equation (31a) can be approximated by
Also, by the same reason, an approximate conservation of matter-energy equation for this regime is obtaineḋ
From equations (33) and (34), it follows the the energy density of the fluid satisfies
Employing the bag equation of state (25) , equation (35) yields the following form for scale factor in the QGP phase [24, 53] a(t) ∝ (sinh t) 1/2 .
As a consequence, R ≃ const. before the quark-hadron transition, and the last term in the Klein-Gordon equation (18) vanishes until the onset of the transition. This implies that the condition for a Hamiltonian with unbroken PT-symmetry assumes, in this phase, exactly the form (19) . As mentioned in the previous section, reduced quark masses can lead to a first order QCD phase transition. Given that, as suggested by LQCD data, the transition is very close to a first order phase transition for the physical bare masses, we can suppose that the present mechanism induces a first order quark-hadron phase transition. During the first order phase transition, the cosmic expansion rate (∼ 10 −5 s) is far greater than the QCD time-scale (∼ 10 −23 s). As a consequence, the matter-energy content of the universe can be described as a single adiabatically expanding fluid (small supercooling) [14, 15, 60] , and both the temperature and pressure remain constant during the transition. Accordingly, we can assume that the QGP remains locally colour neutral. We denote by t i the initial time of the phase transition, and t f its final time. At the onset of the phase transition HG bubbles form via homogeneous bubble nucleation. The energy density of the cosmic fluid exhibit mixed QGP and HG phases during the transition (t i ≤ t ≤ t f ), and can be expressed as
where the energy densities ρ qg and ρ h , are given by equations (25) and (22), respectively, and the subscript * denotes values at the onset of the phase transition
Here f (t) denotes the fraction of space occupied by the QGP relative to the fraction occupied by the hadronic matter (pion gas) as a function of the cosmic time, and takes values 0 ≤ f (t) ≤ 1. By definition f (t i ) = 1 before and at the onset of the transition (T > T c ), and f (t f ) = 0 at the end of the transition (T < T c ). Expression analogous to (37) holds during the phase transition for the pressure p(t) and for the squared inter-coloured charges potential (29)
where we have taken into account the fact that the hadron-hadron interaction is described by a short-range potential [62, 63] , i.e. U h * = 0 at large scale. By a similar reasoning, we have
With the above definitions, the contraction of the gravitational field equation (13a) yields the following approximate expression for the curvature scalar during the phase transition
From equation (17) , the potential (30), and again assuming colour independence of the quark fields, we finally obtain
where b(t) = n B (t) − nB(t), and b(t i ) = 0. For simplicity, we will consider here the bag equation of state (25) for the QGP to estimate the possible effects of the NMC over baryogenesis in a cosmological scenario. This choice is in accordance with a first order phase transition scenario. Equation (35) can again be solved analytically, and yields the following form for the QGP volume fraction function [24, 61] 
where γ is a constant factor, and τ * ≡ 3/(4κβ) is the typical time scale of the quark-hadron transition [24, 53] . In what follows we set γ = 3, and t i = 0. Using (43) in (39), (40) and (41), we can finally solve equation (42) analytically. Figure (Fig. 1) shows the behaviour of the baryon number density b(t) as a function of the cosmic time obtained by solving equation (42) Baryon-antibaryon annihilations freeze at a temperature T ≃ 20 MeV, to which corresponds the photon number density
For ξ = 2.6 × 10 8 we obtain b(t f ) ≃ 9 × 10 −7 MeV 3 at the end of the phase transition. In this case, for T ≤ 20 MeV corresponds a baryon number density to photon number density ratio
which is compatible with the observed baryon asymmetry today (1) .
For values ξ ∼ 10 8 the bound (27) for ξ is satisfied by a large margin, since in this case m 2 D * /R * ∼ 10 21 at the onset of the phase transition. The condition (19) , which defines the regime of unbroken PT-symmetry, can also be satisfied by a large margin according to 
III. CONCLUSION
In this work we have considered the effects of a non-minimal coupling (NMC) between the gravitational field and both the gluon and quark fields on the asymmetric production of quarks over antiquarks in the early expanding universe. The consequences of the NMC, when the mechanism is in action, are:
(i) Baryon number (B) non conservation;
(ii) CP violation; (iii) Gravitationally induced effective quark masses smaller than the bare physical masses.
Baryon number non conservation is a consequence of colour current non-conservation in a locally colour neutral quarkgluon plasma (QGP). The violation of colour current conservation, however, can only be achieved through the inclusion of an NMC term which violates the hermiticity of the quark Hamiltonian. Accordingly, the gravitationally induced contribution to the effective masses of quarks must be smaller or equal to the bare quark masses in order to preserve PT symmetry, a necessary condition for particle states to be physical. This fact may be relevant for the cosmological dynamics of a QGP dominated universe since, according to lattice QCD simulations, a first order quark-hadron phase transition is predicted for the three quarks flavours in the zero mass limit. The reduced effective quark masses induced by the NMC can therefore lead to a true first order phase transition, instead of a crossover.
Another important fact about the the mechanism discussed here is that it cannot produce effects in ordinary astrophysical environments, such as neutron stars. The reason behind this is that, with the exception of the vicinity of the event horizons of black holes, curvature effects are negligible at distances of the order of the hadronic radius r h ∼ 10 −17 cm. It has been hypothesized, however, that the nuclear matter at the core of superdense neutron stars could consist of deconfined quarks in a QGP state [64, 65] . In any case, since neutron star interiors are almost in perfect equilibrium [66] , no net effect from the present mechanism is expected in such environments. We conclude that at the astrophysical scale the baryon number violation mechanism described here could only be associated with violent processes, such as supernovas/hypernovas or neutron star mergers, with a massive production of gamma rays.
In a cosmological scenario, since the gravitational field generated by the cosmic fluid in the quark epoch cannot produce effects in distances of the order of the hadronic radius r h ∼ 10 −17 cm, only unconfined quarks and gluons can be affected by the present mechanism. As soon as quarks and gluons confinement is triggered the present mechanism is switched off and the baryon asymmetry freezes out. For particular values of the adimensional coupling constant appearing in the NMC term between gravity and the strong interaction field, a baryon asymmetry compatible with the observed value is obtained.
